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Abstract

Pontin (Tip49) and Reptin (Tip48) are highly conserved components of multimeric protein complexes important for chromatin
remodelling and transcription. They interact with many different proteins including TATA box binding protein (TBP), B-catenin and c-Myc
and thus, potentially modulate different pathways. As antagonistic regulators of Wnt-signalling, they control wing development in
Drosophila and heart growth in zebrafish. Here we show that the Xenopus xPontin and xReptin in conjunction with c-Myc regulate cell
proliferation in early development. Overexpression of xPontin or xReptin results in increased mitoses and bending of embryos, which is
mimicked by c-Myc overexpression. Furthermore, the knockdown of either xPontin or xReptin resulted in embryonic lethality at late gastrula
stage, which is abrogated by the injection of c-Myc-RNA. The N-termini of xPontin and xReptin, which mediate the mitogenic effect were
mapped to contain c-Myc interaction domains. c-Myc protein promotes cell cycle progression either by transcriptional activation through the
c-Myc/Max complex or by repression of cyclin dependent kinase inhibitors (p21, p15) through c-Myc/Miz-1 interaction. Importantly,
xPontin and xReptin exert their mitogenic effect through the c-Myc/Miz-1 pathway as dominant negative Miz-1 and wild-type c-Myc but not
a c-Myc mutant deficient in Miz-1 binding could rescue embryonic lethality. Finally, promoter reporter studies revealed that xPontin and
xReptin but not the N-terminal deletion mutants enhance p21 repression by c-Myc. We conclude that xPontin and xReptin are essential genes
regulating cell proliferation in early Xenopus embryogenesis through interaction with c-Myc. We propose a novel function of xPontin and
xReptin as co-repressors in the c-Myc/Miz-1 pathway.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Pontin (Tip49) and Reptin (Tip48) are evolutionary
conserved proteins that are present in all eukaryotes
analysed so far (Kanemaki et al., 1999; Bauer et al., 2000;
Lim et al., 2000; Wood et al., 2000, Etard et al., 2000,
Rottbauer et al., 2002). Disruption of the yeast homologues
of Pontin and Reptin results in both enhanced and reduced
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expression of multiple genes suggesting that Pontin and
Reptin may function both in gene activation and repression
(Jonsson et al., 2001). They also play important roles in
developmental processes as they function as antagonistic
regulators of Wnt-signalling by binding to B-catenin. The
zebrafish mutant liebeskummer (lik) was identified as a 9 bp
insertion in the zReptin gene, which results in an aberrant
splice form of zReptin. In /ik animals, the co-repressor
function of zReptin in B-catenin/Tcf signalling is increased
and leads to hyperplastic growth of the heart (Rottbauer
et al., 2002). In Drosophila, dPontin and dReptin contribute
to wing development. Loss of function of these genes
strongly modified wing phenotypes with genetically altered
armadillo expression (Bauer et al., 2000). As maternally
provided proteins, Pontin and Reptin are present throughout
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embryogenesis (Bauer et al., 2000, Etard et al., 2000,
Rottbauer et al., 2002). They also seem to play a crucial role
in early development because flies zygotically deficient for
dPontin or dReptin die at first instar without any Wg/Wnt
phenotype (Bauer et al., 2000). Furthermore, injections of
zReptin antisense oligonucleotide morpholino in fish
embryos reveal early and pleiotropic defects (Rottbauer
et al.,, 2002). These observations point to additional
functions of Pontin and Reptin that are independent of the
Whnt/B-catenin pathway.

Initially, the homologues of Pontin and Reptin in human,
rat and yeast (TIP49/TIP49a and TIP49b/TIP48) were
characterized to interact with TATA-box binding protein
(TBP) (Kanemaki et al, 1997; Kanemaki et al., 1999;
Makino et al., 1999; Wood et al., 2000). They all share the
conserved domains Walker A and Walker B. These motifs
are also found in the RuvB bacterial recombination factor
and have been characterized to bind (Walker A) and
hydrolyze ATP (Walker B) (Hishida et al., 1999). The ATP
dependent DNA-helicase RuvB is a component of the DNA
inducible repair system and catalyses branch migration in
holiday junctions (Shinagawa and Iwasaki, 1996). Bio-
chemical investigations also demonstrated that the rat
homologue TIP49a of Pontin, possesses ATPase activity
stimulated by the presence of single stranded DNA and that
it is able to unwind DNA duplex (Makino et al., 1999). The
enzymatic properties of Pontin and Reptin are the same
except for the polarity of the DNA-helicase activity
(Kanemaki et al., 1999). DNA-stimulated ATPase activity
has also been demonstrated for zZReptin and was increased in
the lik mutant (Rottbauer et al., 2002).

Importantly, Pontin and Reptin were found complexed
with c-Myc in vivo and functionally coupled to its
oncogenic activity (Wood et al., 2000). Depending on the
composition of transcription complexes c-Myc is able to
activate and/or to repress target genes (reviewed by
Eisenman, 2001; Wanzel et al., 2003). By forming
heterodimers with the bHLH transcription factor Max, c-
Myc directly binds to E-boxes and activates cell cycle genes
like cyclinD2 (Bouchard et al., 2004). Alternatively, c-Myc
can bind to the zinc finger transcription factor Miz-1 and
block Miz-1 target gene expression. In the latter transcrip-
tion complex Miz-1 but not c-Myc binds to specific DNA
sequences. Target genes of the repressive c-Myc activity are
the cyclin dependent kinase inhibitor proteins p21 and p15
(Staller et al., 2001; Seoane et al., 2001; 2002; Herold et al.,
2002). Thus, transcriptional activation and repression by c-
Myc results in an increase in cell proliferation. In Xenopus
embryos c-Myc is the only member of the multi-gene family
that is provided maternally (Bellmeyer et al., 2003). The
maternal and the post-gastrula c-Myc are encoded by two
different genes. Only one of them, c-Myc I, is expressed
from the zygotic genome in post-gastrula embryos (Vriz
et al., 1989). Recently, a function of Xenopus c-Myc I in
neural crest induction has been reported, which is not
coupled to cell proliferation (Bellmeyer et al., 2003).

To investigate the function of xPontin and xReptin in
early Xenopus development, we performed gain-of function
experiments with wild-type and mutant forms of both
proteins. We found that Xenopus Pontin and Reptin failed
to influence dorsoventral axis formation. Instead, over-
expression of either xPontin or xReptin resulted in
increased cell proliferation, giving rise to convex or
concave shaped phenotypes depending on the site of
injection. On the contrary, knockdown using antisense
morpholino oligonucleotides led to reduced mitoses and, at
higher concentrations, to embryonic lethality. Expression
of c-Myc and a dominant negative Miz-1 mutant but not a
c-Myc mutant deficient in Miz-1 binding were able to
rescue the morpholino phenotypes. This indicates that
xPontin and xReptin collaborate with c-Myc/Miz-1 in
controlling cell proliferation in Xenopus development.
Furthermore, mutation analyses, co-precipitation exper-
iments and promotor reporter assays revealed that the
N-termini of both xPontin and xReptin are essential for c-
Myc binding, p21 repression and mitogenic function.

2. Results

2.1. xPontin and xReptin overexpression increases
cell proliferation

We initially expressed the full-length proteins and
different mutants of Xenopus Pontin and Reptin (Fig. 1A)
in 4-cell stage embryos to study whether these proteins
might modulate the canonical Wnt/B-catenin signalling
pathway. These experiments led to negative results since
neither xPontin nor xReptin or any of the mutants affected
axis formation or altered the expression of Siamois and Xnr3
(Supplementary Fig. S1). Instead, we observed a bending of
embryos, which could be correlated to increased cell
proliferation. Overexpression of either xPontin or xReptin
results in identical phenotypes: a convex or concave
bending of embryos, depending on the blastomeres, which
are injected (dorsal versus ventral, Fig. 1B). The convex
shape of dorsally injected embryos occurred more fre-
quently than the concave phenotype typical for ventral
injections (dorsal: ventral ratio: Pontin 42%:20%; Reptin
44%:12%). To examine a possible influence of the
conserved Walker A and B motifs, we tested the mutant
constructs depicted in Fig. 1A for their ability to induce a
bent phenotype. Deletion of single Walker motifs did not
affect the frequency of bent phenotypes (Fig. 1C). In
contrast, deletion of the N-terminus abrogated the ability of
either protein to induce bending of embryos (Fig. 1C).
Therefore, we conclude that the N-termini but not the
Walker motifs play a crucial role for xPontins and xReptins
function in early embryogenesis.

The bent phenotype may reflect an increase in cell
proliferation at the injected side, which led to a single-sided
elongation of the embryo. This idea was supported by
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Fig. 1. xPontin and xReptin overexpression result in bending of Xenopus embryos. (A) Diagram of Xenopus wtPontin (457aa) and wtReptin (462aa) and the
mutants used. The position of the Walker A (white box) and the Walker B (grey box) motifs are indicated. Point mutants "NEVH" were generated according to
(Mezard et al., 1997): in Pontin this is D302N, in Reptin D299N. N-terminal deletions are PontinAN: Al-135aa, ReptinAN: A1-84aa. Walker A deletion:
PontinA70-77, ReptinA76-83, Walker B deletion: PontinA302-306, Reptin A299-303. All constructs contain a myc-tag at the C-terminus.
(B) Overexpression of xPontin and xReptin induces bending of embryos. Dorsal injections led to convex, ventral injections to concave shaped embryos.
XPontin injected embryos are exemplarily shown. (C) Percentage of embryos displaying a convex phenotype upon injection of the indicated constructs into
both dorsal blastomeres of Xenopus 4-cell stage embryos. Phenotypes were scored at stage 30 (Nieuwkoop and Faber, 1967). The numbers of injected embryos

are given at the bottom.

the finding that bending was abolished when xPontin
overexpressing embryos were treatead with hydroxyurea
and aphidicolin (HUA), which blocks cell divisions
(Fig. 2A). To further confirm the results we quantified cell
proliferation in sections of injected embryos immunostained
for phosphohistone H3 (PH3), a marker of mitotic cells.
Embryos were injected with full-length, Walker A and
Walker B deleted as well as N-terminally truncated
xPontin and xReptin mRNA into one blastomere at the
2-cell stage. Coinjected GFP-RNA served to trace the
injected side. Overexpression of xPontin resulted in an
increased number of PH3 positive nuclei at stage 12.5
(Fig. 2B and supplementary Fig. S2, for stage classification
see Nieuwkoop and Faber, 1967) while at early gastrula
(stage 10.5), no significant difference in proliferation was
found (Fig. 2B). This was also observed for xReptin but was
less pronounced (Fig. 2B). Deletion mutants lacking the
Walker A or Walker B motif increased cell divisions as full-
length xPontin (Fig. 2B). Importantly, deletion of the
N-terminus in xPontin and xReptin abolished this effect
(Fig. 2B). At stage 20 this difference in stimulating cell

proliferation between the full-length and the N-terminal
truncated proteins was still obvious (data not shown).

2.2. Knockdown of either xPontin or xReptin leads
to embryonic lethality

We then asked whether xPontin or xReptin are required
for cell proliferation. For this purpose, antisense morpho-
lino oligonucleotides against xPontin (PMo) and xReptin
(RMo) were designed. Corresponding morpholino oligo-
nucleotides with 4 mismatched bases were generated as
control (CoMo). Antisense, but not control morpholino
oligonucleotides efficiently blocked translation of exogen-
ously expressed xPontin and xReptin (Fig. 3A). Cell
proliferation was again quantified by PH3 immunostaining.
A significant decrease of mitotic cells was detected upon
injection of the antisense morpholino oligonucleotides
(Fig. 3B). Injection of the control morpholino oligonucleo-
tides had no effect (Fig. 3B and supplementary Fig. 2). The
reduction in cell proliferation by PMo and RMo was
already seen at early gastrula (stage 10.5) and increased in
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Fig. 2. xPontin and xReptin induce hyperproliferation in Xenopus embryos (A) Treatment of Pontin injected embryos with 20 mM hydroxyurea and 150 pM
aphidicolin (+ HUA, inhibitors of cell division) resulted in a loss of bent phenotypes. Graph: Quantification of bent phenotypes of hydroxyurea and
aphidicolin (+ HUA) treated embryos. (B) Quantification of the PH3 positive nuclei at stage 10.5 and 12.5. Values are given in relation to the non-injected
side. 1 ng mRNA of the indicated construct was co-injected with 50 pg GFP mRNA into one blastomere of two-cell stage embryos. The PH3 positive nuclei of
the non-injected side were taken as 1. **p-value in student t-test <0.005, * p-value in student 7-test <0.02, ‘ns’ p-value in student z-test >0.02. XPo: xPontin,

XRe: xReptin.

later stages (12.5). When both blastomeres were injected
with antisense morpholino oligonucleotides nearly 50% of
the embryos showed a developmental arrest at late gastrula
stage followed by embryonic lethality. At that time the
remaining embryos and the controls reached neurula stage
and developed normally (Fig. 3C,D). As also seen in
Fig. 3D co-injection of mRNA encoding human Pontin or
Reptin together with the corresponding antisense morpho-
lino rescued embryonic lethality. hReptin was less efficient
in the rescue experiment than hPontin. Interestingly,
expression of xPontin did not rescue the embryonic
lethality induced by ablation of xReptin. A partial rescue
was observed with xReptin in xPontin depleted embryos
(Fig. 3D). This indicates that both proteins cannot

completely replace each other. Co-injection of the
N-terminally deleted proteins with the corresponding
antisense morpholino led to strongly reduced embryonic
survival, suggesting that translational suppression of
endogenous xPontin and xReptin exposes a dominant
negative character of both N-terminal deletion mutants.

2.3. Overexpression or depletion of xPontin and xReptin
did not alter mesodermal marker gene expression

Embryonic lethality is a dramatic phenotype, which apart
from blocking cell proliferation could also result from
inhibition of gene transcription. Therefore, we analysed the
expression of mesodermal marker genes, which are
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Fig. 3. xPontin and xReptin are required for proliferation and development beyond the gastrula stage in Xenopus embryos (A) Immunoblots documenting
expression of xPontin and xReptin in early neurulae upon injection of the indicated morpholino oligonucleotides into two-cell stage embryos. Both blastomeres
were co-injected with 1 ng myc-tagged Pontin or Reptin mRNA and 4.3 ng of the indicated morpholinos, PMo: antisense Pontin, RMo: antisense Reptin,
CoMo: corresponding control morpholino, -Mo: without morpholino. Upper panel shows an immunoblot of embryo lysates stained with 9E10 antibody for the
exogenous Pontin and Reptin. Lower panel shows staining for nucleoplasmin (NP) used as loading control. B) Quantification of PH3 positive nuclei in stage
10.5 and 12.5 embryos co-injected at the 2-cell stage with the indicated morpholino oligonucleotides and GFP mRNA. Values are given in relation to the non-
injected side. The percentage of positive nuclei at the non-injected side was set to 1. ** p-value in student ¢-test < 0.005, ‘ns’ p-value in student r-test > 0.02.
(C) Phenotype of embryos, in which both blastomeres of two-cell stage embryos were injected with Reptin antisense morpholino (RMo: 4.3 ng) alone or with
the indicated mRNAs (1 ng RNA each). Phenotypes were analysed at early neurula stage. Left: higher magnification of embryos labelled by white rectangles
shown on the right side. Note: lack of the dark line reveals the missing neural tube in embryos with developmental arrest. (D) Percentage of surviving embryos
upon injection of 4.3 ng of indicated morpholino oligonucleotides and mRNAs (1 ng each). The numbers of injected embryos are indicated at the bottom.

activated at gastrula stage. Neither overexpression nor both proteins, we sought to identify proteins, which bind to
depletion of xPontin led to an alteration in the expression of this domain. As shown in Fig. 5A, both N-terminally
Xbra, chordin and MyoD (Fig. 4). The same results were truncated proteins were still able to interact with B-catenin
obtained for xReptin (data not shown). in GST-pull down experiments. Next we analysed their
ability to form homo- and heterodimers. This property is a

2.4. The N-termini of pontin and reptin bind to c-Myc prerequisite to form hexameric complexes as reported for
bacterial helicases (Patel and Picha, 2000). We generated

As our mutant analyses revealed that the N-termini of GST-fusion proteins of wild-type and N-terminal truncated

xPontin and xReptin were critical for the mitogenic effect in xPontin and xReptin and used them in pull-down
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Fig. 4. Neither overexpression of Pontin or c-Myc nor morpholino injections alter the expression of marker genes. 1 ng of the indicated constructs and 4.3 ng
PMo were injected into both blastomeres of two-cell stage embryos. None of the marker genes (stage 10 Xbra, stage 11.5 chordin and stage 16 MyoD) was
changed. Note: from neurula stage onwards only the surviving PMo injected embryos could be taken for in situ hybridization.

experiments with our myc-tagged protein constructs
transiently expressed in HEK 293 cells. As seen in
Fig. 5B deletion of the N-terminus did not abolish the
formation of homo- or heterodimers.

We also addressed the question whether the N-termini of
xPontin and xReptin are required for binding to c-Myc. For
this purpose we performed co-immunoprecipitation exper-
iments from HEK 293 cells, which were transfected with
flag-tagged murine c-Myc and 9E10 myc-tagged xPontin
and xReptin constructs. The 9E10 antibody recognizes part
of the human c-Myc sequence present in the myc-tag, which

we used to label our xPontin and xReptin constructs.
Importantly, the antibody does not react with murine c-Myc
protein so that a clear distinction between murine c-Myc and
xPontin or xReptin could be made by their different tags.
The co-immunoprecipiation experiments revealed that in
contrast to the wild-type proteins, neither xPontinAN nor
xReptinAN co-precipitated with c-Myc from transfected
HEK?293 cells (Fig. 5C). This result demonstrates that the
N-terminal domains of xPontin and xReptin, which are
essential to stimulate cell proliferation are specifically
required for complex formation with c-Myc.
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Fig. 5. Deletion of the N-terminus in xPontin and xReptin affects c-Myc
binding but not homo- or heterodimerization. (A) GST pulldown assays
reveal that N-terminal truncated Pontin and Reptin constructs bind to
GST-B-catenin. NOP lysates of transfected HEK 293 cells were incubated
with bacterially expressed immobilized GST-B-catenin. Bound proteins
were eluted and stained in immunoblots with the 9E10 antibody for the
presence of transfected xPontin and xReptin constructs. (B) GST pulldown
assays documenting homo- and heterodimerization of full-length xPontin,
xReptin and their N-terminally truncated mutants. NOP lysates correspond-
ing to 5X10° HEK293 cells transfected with the indicated constructs
were incubated with bacterially expressed immobilized GST-Pontin,
GST-PontinAN, GST-Reptin, GST-ReptinAN or GST alone. Bound
proteins were eluted and stained in immunoblots with the 9E10 antibody
for the presence of exogenous xPontin and xReptin constructs. The
transfected Reptin appears as double band. Most likely, the faster migrating

2.5. xPontin and xReptin are linked to the c-Myc/Miz-1
pathway

We next examined whether xPontin and xReptin indeed
display their mitogenic activity through c-Myc. If the
function of xPontin and xReptin is coupled to c-Myc,
overexpression of c-Myc should mimick the xPontin/xRep-
tin phenotype and c-Myc should be able to rescue the
embryonic lethality set by antisense morpholino injections.
When mRNA encoding human c-Myc was injected into the
dorsal blastomeres, a significant proportion of embryos
revealed a convex phenotype indistinguishable from the
phenotype of xPontin- or xReptin-injected embryos
(Fig. 6A,C). PH3 staining of single sided c-Myc injected
embryos revealed an increased number of dividing cells at
stage 12.5 (Fig. 2B). Furthermore, injection of mRNA
encoding human c-Myc abrogated the embryonic lethality
induced by ablation of xPontin or xReptin (Fig. 7A). These
results provide strong evidence that xPontin and xReptin
regulate cell proliferation through c-Myc.

The c-Myc protein activates transcription as part of a
binary complex with its partner protein Max (Eisenman,
2001; Levens, 2003) and represses transcription as part of a
trimeric complex that contains the zinc finger protein Miz-1
in addition to Max (Wanzel et al., 2003; Staller et al., 2001).
We wanted to elucidate in which of these mechanisms
xPontin and xReptin are involved. To answer this question,
we used specific components of the different c-Myc
pathways to phenocopy the gain-of-function or to rescue
the loss-of-function phenotype of xPontin and xReptin. To
test whether binding to Miz-1 is required, we used a single
point mutant of c-Myc (MycV394D) that binds to Max and
activates transcription as wild-type c-Myc, but does not bind
to Miz-1 and does not repress transcription (Herold et al.,
2002). In contrast to wild-type c-Myc, MycV394D was
unable to induce a convex phenotype when injected into the
dorsal blastomeres, despite being expressed at equal levels
to wild-type c-Myc (Fig. 6A,B,C). When injected together
with xPontin or xReptin mRNA, MycV394D reduced the
formation of convex embryos, whereas wild-type c-Myc
enhanced the phenotype induced by xPontin or xReptin
(Fig. 6C). Consistently, MycV394D did not significantly
stimulate cell proliferation (Fig. 2B). Finally, MycV394D
was unable to rescue the embryonic lethality induced
by ablation of xPontin or xReptin, in contrast to wild-type
c-Myc (Fig. 7A).

<

band is due to protein degradation. (C) Binding of Pontin and Reptin to Myc
requires the amino terminus. Shown are co-immunoprecipitation exper-
iments from HEK293 cells transfected with flag-tagged murine Myc and
9E10 myc-tagged xPontin and xReptin constructs as indicated. Note: 9E10
specifically recognizes human (myc-tag) but not murine Myc protein.
Lysates were precipitated with a-flag-antibody (‘IP Myc’); immunoblots
were probed with the 9E10 antibody (IB 9E10) for the presence of
exogenous xPontin and xReptin constructs or with o-flag-antibody
(IB aflag) for exogenous c-Myc. Co-immunoprecipitations were done
according to (Herold et al., 2002).
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Fig. 6. c-Myc but not the c-MycV394D mutant deficient in Miz-1 binding
phenocopies xPontin and xReptin. (A) Representative examples of embryos
dorsally injected with 1 ng mRNA encoding either human c-Myc or human
¢c-MycV394D (MycVD). (B) Coomassie stained gel and an immunoblot
against human c-Myc-protein. The gel was loaded with lysates of injected
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of embryos showing a convex phenotype after injection of 1 ng RNA
encoding the indicated proteins into both dorsal blastomeres of 4-cell stage
embryos. Co-injection of c-Myc either with xPontin or xReptin increased
the number of convex shaped embryos while c-MycVD decreased it. Note:
xPontin and xReptin co-injection shows an additive effect compared to
single injections either of xPontin or xReptin.
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Fig. 7. Pontin and Reptin are co-repressors of c-Myc/Miz-1. c-Myc and
dominant negative Miz-1 but not the c-MycV394D mutant, cyclin D2 or
B-catenin rescue morpholino induced developmental arrest. Quantification
of embryonic survival upon injection of the indicated constructs into both
blastomeres of two-cell stage embryos. Phenotypes were analysed at early
neurula stage. The survival coefficient is defined as the percentage of
surviving embryos co-injected with the indicated constructs relative to
morpholino-alone injected embryos of the same egg batch. Thus, the survival
coefficient normalizes the different quality of egg batches so that a direct
comparison of the injections is possible. Depending on the egg batch, PoMo
led in 29-70% of the injected embryos to gastrula arrest, ReMo in 33-71%.
The numbers of injected embryos are indicated at the bottom. (B) MizAZn is
a dominant negative mutant of Miz-1. Shown are transient transfection
assays in HeLa cells using the indicated CMV-based expression constructs.
The p21 promoter was used as a reporter. The left panel documents the
inability of MizAZn to activate the p21 reporter; the right panel documents
the dominant negative activity towards wtMiz-1. (C) Xpontin and xReptin
but not their N-terminal mutants enhance p21 repression in Hek293 cells in
normal and co-transfected c-Myc background.
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Since expression of c-Myc inhibits transactivation by
Miz-1, we argue that xPontin and xReptin are co-repressors
for c-Myc and that the lethality induced by ablation of either
xPontin or xReptin is due to the growth-suppressive activity
of Miz-1. To test this possibility, we generated a dominant
negative construct of Mizl, Miz1AZn that lacks the Zn
finger (DNA binding) domain. In contrast to full-length
protein, MizAZn did not activate the p21 promoter and
when co-transfected with the full-length form it was able to
block Miz-1 induced p21 promoter activation (Fig. 7B).
Expression of MizlAZn in xPontin or xReptin depleted
embryos (Fig. 7A) led to their survival demonstrating that
inhibition of Miz-1 transactivation is sufficient to bypass the
requirement for xPontin or xReptin.

Since the MycV394D mutant, which still can bind
Max, fails to behave like wild-type c-Myc in our
functional assays we suggest that xPontin and xReptin
are not involved in the activating c-Myc pathway. This
was further confirmed by expression of cyclinD2 in
xPontin or xReptin depleted embryos, which did not
abolish embryonic lethality (Fig. 7A). Also B-catenin
RNA injections did not rescue the loss-of-function
phenotype, which excludes a putative contribution of
Wnt/B-catenin signalling to the mitogenic effect of
xPontin and xReptin (Fig. 7A).

From these results we conclude that xPontin and xReptin
promote cell proliferation in Xenopus embryos as co-factors
in the c-Myc/Miz-1 pathway. We confirmed the co-repres-
sor function of xPontin and xReptin in p21 promoter
reporter assay using HEK 293 cells. As expected, full-length
but not N-terminal truncated xPontin and xReptin repress
p21 reporter activity in normal and in c-Myc increased
background (Fig. 7C).

2.6. Xenopus Miz-1 is expressed in early development

c-Myc, xPontin and xReptin are maternally provided and
expressed throughout early development (Houdry et al.,
1988; Vriz et al., 1989; Bellmeyer et al., 2003; Etard et al.,
2000). To obtain further evidence that Miz-1 can physio-
logically collaborate with c-Myc, xPontin and xReptin, we
cloned a partial cDNA of Xenopus Miz-1 and analysed by
RT-PCR and in situ hybridisation whether it is also
expressed in early embryogenesis. Sequence alignment
revealed an overall identity of 58% between the human and
the predicted Xenopus Miz-1 protein including the highly
conserved Zn-finger domain with 84% identity. Miz-1 like
c-Myc, xPontin and xReptin is maternally provided and
localized in the animal hemisphere until blastula stage
(supplementary Fig. S3). Thus, all components are present
at the same stages underlining the physiological significance
of the co-repressor function of xPontin and xReptin in the
c-Myc/Miz-1 complex controlling cell proliferation early in
Xenopus development.

3. Discussion

Here we describe the function of xPontin and xReptin in
regulating cell proliferation by acting as co-repressors in the
c-Myc/Miz-1 pathway early in development. Knockdown of
either xPontin or of xReptin results in embryonic lethality,
which is abrogated by inhibition of Miz-1 transactivation.
The latter is achieved either by increasing c-Myc, which
blocks the transcription factor Miz-1 or by expression of a
dominant-negative Miz-1 construct that lacks the zinc finger
domain. In contrast, the MycV394D mutant, which interacts
with Max but not with Miz-1 is not able to rescue embryonic
lethality. We suppose that reduction of the co-repressors
xPontin and xReptin in the c-Myc/Miz pathway leads to
decrease in cell proliferation and developmental arrest,
because knockdown of either protein resulted in a
substantial reduction of PH3 positive cells. Conversely,
overexpression of xPontin or xReptin increased the number
of mitotic cells and resulted in a bending of embryos.

Earlier reports describe critical periods and regions of
cell proliferation in Xenopus development. When cell
division was blocked at blastula stage (7-8) developmental
arrest was observed after gastrulation movement begun
(Cooke, 1973). During gastrulation inhibition of cell
division has apart from delay in development little effect
on further development (Cooke, 1973; Audic et al., 2001).
Variations in the strength of the phenotype between
knockdowns and dominant negative expression of individ-
ual cell cylce regulators are explained by different amounts
of maternally provided protein and differences in post-
translational activation (Hartley et al., 1997; Audic et al.,
2001). For example, cell proliferation during gastrulation is
blocked by Wee-1, an inhibitor of CyclinB/Cdc2, which
is activated by phosphorylation at stage 10. The protein is
present throughout early development (Murakami et al.,
2004). This supports previous findings that mitotic cells are
found in the ectoderm and endoderm but not in the
involuting mesoderm (Saka and Smith, 2001). These
observations indicate that cell division might be required
for epiboly of the ectoderm and not for convergent
extension of the axial mesoderm during gastrulation. We
think that our results support the previous data: over-
expression of xPontin and xReptin increases cell prolifer-
ation in all germ layers from stage 12.5 onwards. This would
explain the bending of embryos when xPontin or xReptin is
overexpressed in the dorsal or ventral side of the embryo.
Depletion of xPontin and xReptin, however, affects cell
proliferation much earlier; a significant decrease in mitotic
cells is already observed when the mesoderm starts
involution (stage 10.5). This might result in morphogenetic
defects as Cooke (1973) has described when cell division is
blocked before gastrulation. Apart from the mitogenic effect
we did not observe alterations in the expression of
mesodermal markers or Wnt/B-catenin target genes, which
does not exclude that xPontin and xReptin may have
additional functions in still unknown processes.
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Importantly, the N-terminal deletion mutants of xPontin and
xReptin that bind -catenin but not c-Myc clearly point to a
c-Myc dependent mechanism because these mutants have
lost the mitogenic activity.

Remarkably, we did not observe that either the Walker A
or Walker B motif in xPontin or xReptin was crucial
in stimulating cell proliferation because corresponding
deletion mutants behaved as the wild-type proteins.
Previous reports showed that a missense mutation in the
Walker B motif of TIP 49 resulted in loss of c-Myc induced
oncogenic transformation (Wood et al., 2000) and increased
c-Myc dependent apoptosis (Dugan et al., 2002). The latter
indicates to an enhanced c-Myc activity of the missense
mutation in their system. The same missense mutation in the
bacterial RuvB has been shown to abolish ATP hydrolysis
(Mezard et al., 1997). Consistent with our functional data
Wood et al. (2000) reported that neither deletion of the
Walker A or the Walker B motif affected the interaction
with c-Myc. We mapped the N-terminus in both proteins as
c-Myc interaction domain and demonstrated its functional
relevance. Although our N-terminal truncations include the
Walker A motif, we suggest that the N-terminal region in
front of the Walker A motif is important for c-Myc binding
because overexpression of the Walker A deletion mutants
results in bent embryos as the wild-type proteins (Fig. 1C).
With our work, we extend former deletion analyses by
Wood et al. (2000) who observed a reduced c-Myc binding
of an internal deletion mutant of TIP49 covering a stretch of
51 aa between the Walker A and Walker B motifs.

In cooperation with c-Myc/Miz-1 xPontin and xReptin
exhibit new properties because they act similar and additive
in stimulating cell proliferation. Gain- and loss-of-function
of either protein had the same effect, bending or embryonic
lethality. Both proteins repress p21 promoter reporter
activity in HEK 293 cells. Either protein is required in
early development (Fig. 3D). Moreover, they act additive
when both RNAs are co-injected (Fig. 6C). Taken together,
xPontin and xReptin in the c-Myc/Miz-1 pathway behave
differently compared to their role in Wnt/f-catenin signal-
ling in, which they act antagonistically (Bauer et al., 2000;
Rottbauer et al., 2002).

Knockdown of either protein in Xenopus revealed that
they are essential during gastrula stage. This time point might
display the transition from maternally provided to zygoti-
cally derived protein pools. The amount of maternally
provided protein may differ between xPontin and xReptin
and c-Myc, since translational repression of c-Myc did not
cause a similar developmental arrest (Bellmeyer et al., 2003).

Together, our findings suggest that xPontin and xReptin
have mechanistically distinct roles in different transcription
complexes. They act as co-repressor in the c-Myc/Miz-1
pathways to control cell proliferation. Since these proteins
are highly conserved, we suppose that dysfunction of the
Pontin/Reptin-Myc/Miz-1 complex may have multiple
consequences in developmental differentiation processes
as well as for tumorigenesis.

4. Methods

4.1. Plasmids, RNA transcription and RT-PCR

Deletions and mutations in Xenopus Pontin and Reptin
(Etard et al., 2000) were inserted by PCR strategies (primer
sequences are available upon request) and C-terminally
fused to six copies of the myc(9E10)-epitope. Wild-type and
N-terminal truncations were also fused with GST in pGEX3.
GST-B-catenin, hPontin and hReptin were described else-
where (Bauer et al, 2000). The p21 luciferase construct was
described in Herold et al. (2002), the CMV-f-galactosidase
construct is described elsewhere (Gradl et al., 2002).
Dominant negative Mizl (Miz1AZn), human Myc-V394D
mutant (Staller et al., 2001) and human cyclin D2 (Bouchard
et al., 2001) were subcloned in pCS2+, B-catenin for
injections was as in Behrens et al. (1996).

Capped RNAs were synthesized in vitro using the
Message Machine Kit (Ambion). RT-PCR was done
according to Etard et al., 2000, using as primers for siamois
forw. 5'-GGG GAG AGT GGA AAG TGG TTG-3' and rev.
5'-CTC CAG CCA CCA GTA CCA GAT C-3/, for Xnr3
forw. 5'-ATC TCT TCA TGG TGC CTC AGG-3' and rev.
5'-TCC ACT TGT GCA GTT CCA CAG-3’ and for Xmiz-1
forw. 5'-GCC TGG TGA GTC TCC TGA AC-3’and rev.
5'-GGG AAA CCT GAA AGC CCA CC-3'.

4.2. Microinjection and cultivation of Xenopus laevis
embryos

For loss of function experiments, morpholino oligonu-
cleotides and in vitro transcribed mRNA were injected into
one or two blastomeres of Xenopus laevis two-cell stage
embryos. Sequences of the antisense morpholino oligonu-
cleotides are for Xenopus Pontin: 5'- ¢ atg aaa atc gag gag
gtg aag agc-3', corresponding control: 5'-c atg taa atg gag
gac gtg atg agc-3'; Xenopus Reptin: 5'-g aag ata tag tgc agc
atg gca acc-3/, corresponding control: 5'-g aag aat tac tgc
agg atg gga acc-3'. For co-injections with B-catenin mRNA,
both ventral blastomeres of 4-cell stage embryos were
injected. For gain of function experiments, both dorsal
blastomeres were injected. Embryos were cultivated as
described (Kiihl et al., 1996). In general 1 ng RNA of each
construct was injected. If less than 1 ng RNA was applied it
is mentioned in the Figure.

Treatment with hydroxyurea and aphidicolin was carried
out by adding hydroxyurea in a final concentration of 20 mM
and aphidicolin in a final concentration of 150 uM to
devitellinized stage 10 embryos (Hardcastle and Papalopulu,
2000). Embryos were kept in this solution until fixation.

4.3. Immunostaining

Stage 10.5 and 12.5 embryos were fixed for 1 hin 4% PFA
in 100 mM NaCl and 100 mM Hepes pH7.4 and equilibrated
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over night at -20 °C in Dent’s (20% DMSO, 80% Methanol).
After washing for 30 min with 100 mM NaCl in 100 mM
Tris/HCI pH 7.4 and over night in 15% gelatine/15%
saccharose embryos were embedded in 25% gelatine/15%
saccharose over night and cut with a vibratome (Leica) in
sections of 16 um thickness. These sections were blocked for
5 min with 0.1% Triton, 0.1% saponine and 10% BSA in
APBS/Ca®" (103 mM NaCl, 2.7mM KCI, 0.15 mM
KH,POy4, 0.7 mM NH,PO,4, 2 mM CaCl,, pH 7.5), incubated
overnight with monoclonal a-myc(9E10)-epitope and poly-
clonal anti phosphohistone H3 (Upstate Biotechnology)
antibodies. Visualization was performed with Cy3- or Cy2-
labeled goat anti-mouse or goat anti-rabbit antibodies. After
counterstaining the nuclei with DAPI, cells were embedded
in Elvanol and analyzed by fluorescence microscopy
(Improvision software, Leica).

4.4. In situ hybridizations

Whole-mount in situ hybridization was performed
according to previously described procedures (Gawantka
et al., 1995). Localization of mRNA was visualized using
anti-digoxigenin antibodies conjugated to alkaline phos-
phatase, followed by incubation with nitro blue tetrazolium
(NBT) and 5-bromo 4-chloro 3-indolyl phosphate (BCIP).
Images were captured on a Leica MZFLIII microscope
using a digital camera (Qimaging) and Improvision soft-
ware (Openlab). In situ probes for the detection of Xbra
(Smith et al., 1991), MyoD (Rupp and Weintraub, 1991) and
chordin (Sasai et al., 1995) were as described the probe for
c-Myc was kindly provided by K. Henningfeld. Based on
EST sequence data, a 1200 bp XMiz-1 fragment was
amplified and subcloned in pGEMT.

4.5. GST-pulldowns and immunoblotting

Expression of recombinant proteins in BL21D3 cells was
induced by adding 1 mM IPTG at ODgy=0.8. After
incubation for 4 h at room temperature, proteins were
extracted by sonication in PBS. For pulldown experiments
NOP lysates (150 mM NacCl, 10 mM Tris/HC1 pH 7.8, 1| mM
MgCl,, 0.75 mM CaCl,, 2% Nonidet P40) corresponding to
5X10° transfected HEK293 cells were incubated with
immobilized fusion proteins according to previously
described protocols (Bauer et al., 2000). Bound proteins
were separated on a 7.5% SDS PAGE, transferred onto
nitrocellulose and incubated with the 9E10 antibody.
Visualization was performed using peroxidase coupled
secondary antibody and ECL-plus substrate (Amersham).
For determining the expression of the injected Xenopus
Pontin/Reptin and human Myc constructs, NOP-lysates of
injected embryos corresponding to one half embryo were
used for immunoblotting.

4.6. Cell culture, promoter reporter assays
and immunoprecipitation

For promoter reporter assays, HEK293 cells were
co-transfected with 4 g Pontin or Reptin constructs together
with 1 pg murine c-Myc, 4 ng p21-luciferase and 1 pg CMV-
B-galactosidase. Reporter assays were done as previously
described (Gradl et al., 2002). To characterize the Miz-1AZn
mutant, HeL A cells were co-transfected with p21-luciferase
together with 1-2 ng wild-type Miz-1 and Miz-1AZn. For
immunoprecipitations 4 pg murine Myc-flag were co-
transfected with the myc-tagged Xenopus Pontin or Reptin
constructs. 150 pl RIPA lysate was pre-cleared with 30 ul
protein A sepharose (Amersham) and incubated for 1 h with
10 pg of 9E10 or anti-flag antibody (Sigma) together with 2%
BSA. Precipitated proteins were eluted with 10 ul SDS
sample buffer and analysed by immunoblotting using 9E10
antibody for staining Xenopus Pontin and Reptin constructs.
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